Most methanogenic archaea, including the Methanothermobacter thermautrophicus used in the present study, derive their energy for autotrophic growth from the H 2 -dependent reduction of CO 2 into methane. The pathways of methane formation, CO 2 fixation, and ATP synthesis are highly conserved among the different H 2 -utilizing (hydrogenotrophic) methanogens (for reviews, see references 5, 6, 9, and 32 and additional information in the supplemental material). Nevertheless, different species display remarkable differences in specific growth yields (Y CH4 ), i.e., the amount of biomass formed per mole of methane produced at a given growth condition (Table 1) . Y CH4 values can be variable for a given species. Even maximal growth yields (Y CH4 max ) seem to differ. Y CH4 max represents the theoretical maximal growth yield that would be obtained if methanogenesis and growth are fully coupled.
Methanogens have to couple the processes of energy generation (methanogenesis) and biomass formation under highly diverse concentrations of their energy source, hydrogen. In environments such as anaerobic sediments and sewage digestors, hydrogen formed by obligate proton reducers is available at only very low levels (11, 37) . In contrast, hydrogen concentrations can be high at sites where methanogens obtain the gas from H 2 -producing fermentative microorganisms (29, 37) . Under laboratory conditions, the hydrogen availability of the cells depends on the gassing rates applied and the hydrogen-mass transfer capacity of the fermentative devices. In fed-batch systems, dissolved hydrogen partial pressures (p H2 ) continuously change over time as the result of increasing consumption rates by a growing biomass. Many authors observed that specific growth yields were relatively low when growth proceeded under hydrogen excess and that yields were highest under conditions of hydrogen limitation (7, 8, 12, 14, 18, 24, 27, 33, 34) . Apparently, the degree of coupling between methanogenesis and growth depends on the in situ hydrogen concentration. In these studies, hydrogen-excess and hydrogen-limited conditions were imposed by changing the gassing rates or medium agitation. Unfortunately, with notable exceptions (12, 24) , the hydrogen concentrations were not actually measured.
To investigate how methanogenesis and the growth of M. thermautotrophicus were coupled, we cultured the organism under a variety of hydrogen gassing regimens, while continuously recording the p H2 value. We did so both in a fed-batch fermentor system, where conditions continuously change, and under the controlled conditions of a chemostat. In the fed-batch system the organism displayed a complex growth behavior comprising different growth phases that were each characterized by the distinct way that specific growth rates, growth yields, and methane-forming activities were interrelated. Both the fed-batch and the chemostat studies substantiated previous suggestions that specific growth yields depended on the dissolved hydrogen partial pressures and increased with decreasing p H2 values. Quite remarkably, our work also suggests that M. thermautotrophicus may adopt two different maximal growth yields for growth under low-and high-hydrogen conditions.
Gassing rates, which varied between 100 and 475 ml min Ϫ1 , were adjusted so that the dissolved hydrogen partial pressure under steady state was maintained at a desired value. A steady state is defined as the condition at which the OD 600 of the culture, the dissolved hydrogen partial pressure, the rates of hydrogen consumption, and methane formation had become constant at a given gassing and dilution rate. The data presented were calculated from triplicate measurements that were performed three to four culture-volume changes after the establishment of a particular steady state. The growth conditions applied and the resulting steadystate OD 600 values are summarized in Table 2 . From the Table, it can be seen that the pH, which was not further controlled, was approximately constant for all conditions (7.0 Ϯ 0.1).
Analytical procedures. Dissolved hydrogen partial pressures were monitored online with an amperometric p H2 (Ag 2 O/Ag) probe (24) . The probe was prepared from a Clark-type oxygen electrode (Broadly Technologies Corp., Irvine, CA) and gave a linear response with respect to the dissolved hydrogen partial pressures in the 0 to 80% H 2 (0-to 80-kPa) range. Meter readings were corrected for a very small linear drift calculated from the slopes of the recorder during the gassing steps with 80% N 2 -20% CO 2 (0% H 2 ) and 80% H 2 -20% CO 2 prior to inoculation. The baseline signal (0% H 2 ) was checked at the end of the fed-batch growth cycle and at regular occasions during the course of the continuous culturing by stopping the gas supply. Previous studies showed that under the conditions applied the intracellular hydrogen concentration equals the hydrogen concentration in the medium (3, 4) .
Outflow gas rates ( out [ml min Ϫ1 ]) were measured with a soap film flow meter. Hydrogen uptake rates ( H2 [ml min Ϫ1 ]) were calculated from the difference between the gas inflow and outflow rates ( in Ϫ out ). The relation follows from the stoichiometry of the process of methane formation from H 2 and CO 2 : 4 H 2 ϩ CO 2 3 CH 4 ϩ 2 H 2 O (equation 1).
Methane production rates ( CH4 ) were determined by two methods. The first method simply used the difference between the in-and outflow gas rates at which CH4 ϭ ( in Ϫ out )/4 (ml min Ϫ1 ), which again follows from equation 1. It should be noted that the calculations ignore H 2 and CO 2 consumption for biomass formation. It is, however, known that less than 4 to 5% of the inflow gas is utilized for cell synthesis (24, 25) . Alternatively, CH4 was determined by measuring the outflow gas rate and its methane content. Therefore, a 1-ml gas sample from the outflow gas was injected into a closed serum bottle containing 1 ml of the reference gas ethane; 0.1 ml-amounts of the gas mixture were analyzed on a HP 5890 gas chromatograph equipped with a Poropack Q column and a flame ionization detector (10) . Methane production rates determined by gas chroma- Determination of specific methane-forming activities, specific growth rates, and specific growth yields. Specific rates of methane formation (q CH4 [mol of CH 4 g Ϫ1 h Ϫ1 ]) were calculated from the rates of methane formation and the corresponding biomass contents of the fermentor, measured as described above. Determination of the successive lag, exponential, and linear growth phases in fed-batch fermentor cultures was done as described in in the supplemental material. We also specify here how specific growth rates (, h Ϫ1 ) and specific growth yields (Y CH4 in g DW mol of methane formed Ϫ1 ) were derived from primary data. It may be recalled that in a chemostat at steady state, the specific growth rate equals the dilution rate.
RESULTS
Growth characteristics of M. thermautotrophicus in a fedbatch fermentor. When M. thermautotrophicus was cultured in a fed-batch fermentor at a low 80% H 2 -20% CO 2 gassing rate (107 ml min Ϫ1 ) the cells grew, after a lag phase (see below), in an exponential way (3 to 10 h; Fig. 1A ). As a result of increasing hydrogen consumption rates by the growing biomass, the dissolved hydrogen partial pressure steadily decreased to become as low as 1 kPa. Before that time, the hydrogen consumption rate had become constant (84 ml min Ϫ1 ), and 98% of the gas ended up in methane. When the p H2 had reached the minimum at t ϭ 10 h, the optical density increased linearly over time. This period is denoted as the linear phase. Apparently, growth now became limited by the H 2 supply. To test this, the organism was grown at a higher gassing rate (428 ml min Ϫ1 ). The same growth behavior was found ( Fig. 2A) . Quite remarkably, p H2 did not drop to low values during the linear growth stage, but it was maintained as high as 29 kPa. Again, the hydrogen consumption rate became constant ( H2 ϭ 275 ml min Ϫ1 ), but the gas was only partly utilized. Further experiments showed that the p H2 values could be manipulated by the H 2 -CO 2 gassing regimen (Table 3) . Depending on the hydrogen mass transfer characteristics, i.e., gassing rate/culture volume ratio and mixing intensity (number of impellers), steady p H2 values were obtained during the linear growth phase that ranged between 1 and 59 kPa. Linear growth could proceed for prolonged periods of time (at least 72 h), at which OD 600 values of up to 7 to 10 were obtained (data not shown). Hydrogen consumption and methane production rates, as well as dissolved hydrogen partial pressures, however, remained constant throughout the whole period of linear growth.
Growth rates, growth yields, and methane-forming activities in the fed-batch fermentor system. As noted above, three consecutive growth phases could be discerned, notably the lag, exponential, and linear phases. The exponential phase is usually determined from the straight section of the graphs in which the (natural) logarithm of biomass (or OD) is plotted against time, the slope representing the specific growth rate during the exponential phase ( ex ) (see also the supplemental material [1] ). Deviation from linearity was always seen in the period preceding the exponential phase (lag period). Here, perfect straight lines were obtained, if the ln(OD 600 ) values were plotted against the squared times ( Fig. 3A , inset). As outlined in in the supplemental material, this implies that the specific growth during the lag phase increases linearly in time ( Fig. 1B and  2B ). Also, the specific methane-forming activity increased linearly in time during this period ( Fig. 1B and 2B ). In fact, a plot of the q CH4 values against the corresponding values showed a direct proportional relationship between both parameters, the slope representing the reciprocal of the specific growth yield (Y CH4 ), which now was constant (Fig. 1C, 2C , and 3A). The physiological meaning of these findings is that, after inoculation, cells adapt to the new growth condition by the uniform and concerted acceleration of their specific growth rate and specific methane-forming activity in a way that Y CH4 remains fixed. The specific growth rates became maximal at the entry of the exponential stage and remained constant throughout the particular stage (Fig. 1B, 2B, and 3A) . The values did not significantly differ among the various gassing regimens (0.22 to 0.25 h Ϫ1 ; doubling times of 2.8 to 3.1 h) (Table 3) . However, the q CH4 was not constant. Specific methane-forming activities initially increased to a maximum and declined thereafter. The decline occurred concomitant with the decrease in the dissolved hydrogen partial pressures, resulting from the increasing hydrogen uptake rates by the growing biomass ( Fig. 1 and  2 and Table 3 ). Apparently, the physiology of the cells continuously changed, even at a constant growth rate.
After exponential growth, the cells entered the linear phase. During this stage, the specific growth rates and specific methane-forming activities, calculated by using the equations S.5 and S.6, respectively, in the supplemental material(1), decreased in parallel (Fig. 1B and 2B) . Moreover, q CH4 -versusplots showed the direct proportional relationship as expected from equation S.8 (Fig. 1C, 2C , and 3B). The slope of the plots, which equals the reciprocal of the specific growth yield (equation S.8), varied with the dissolved hydrogen partial pressure FIG. 3 . Relationship between the specific rates of methanogenesis and specific growth rates during the lag (A), linear (B), and exponential growth phases. M. thermautotrophicus was cultured in 2.5 (A) and 1.5 (B) liters of mineral medium at a constant gassing rate of 428 ml min Ϫ1 in 80% H 2 -20% CO 2 (vol/vol). Measurements started 5 h (A) and 8 h (B) after adjustment of the gassing rates. In the inset of Fig. 3A , the ln(OD 600 ) is plotted versus the squared time after inoculation. Lag (छ), exponential (OE), and linear (}) growth stages are as indicated. ex , specific growth rate during the exponential phase; ⌬ q CH4 , change between the maximal and minimal specific activities during the exponential phase. (Table 3) . Thus, growth and methane formation became more tightly coupled at low hydrogen concentrations. Maximal growth yields. As mentioned, q CH4 took a maximal value in the course of the exponential stage and declined hereafter. The decline (⌬q CH4 ) was relatively large, when the transition from the exponential to the linear phase took place below a p H2 of 12 to 15 kPa (Fig. 1B, 1C , and 3B and Table 3 ). It then can be shown that ⌬q CH4 ϭ ex /Y CH4 max , or Y CH4 max ϭ ex /⌬q CH4 , at which Y CH4 max and ex represent the theoretical maximal growth yield at the start of linear growth and the exponential-phase-specific growth, respectively (see the supplemental material [1] , equation S.9). The approach enables one to estimate Y CH4 max from a single fed-batch culture rather than from a series of continuous culture experiments (see below). The type of analysis suggested that M. thermautotrophicus may adopt two distinct Y CH4 max values, notably approximately 7 and 3 g DW mol of CH 4 Ϫ1 formed during growth at high (Ͼ12 kPa) and low hydrogen partial pressures, respectively ( Table 3 ). The same argumentation shows that the relationship Y CH4 max ϭ ex /⌬q CH4 applies to the initial exponential phase as well. Here, ⌬q CH4 represents the increase in the specific methane-forming activity at the onset of exponential growth versus q CH4 max (Fig. 1C, 2C, and 3A) . Evaluation of the data demonstrated that the q CH4 change, which occurs at a high p H2 , also appeared to be related with a Y CH4 max of, again, approximately 7 g DW mol of methane Ϫ1 . Transition from exponential to linear growth in the fedbatch fermentor. Linear growth and the shift from the exponential to the linear phase are intriguing phenomena. The obvious explanation would be energy or nutrient limitation, causing the progressive decrease in growth rate. The experiments under high hydrogen gassing conditions described above demonstrated that the shift to linear growth was not related to energy (hydrogen) limitation. Calculations indicate that CO 2 and bicarbonate were always present in large excess. Growth characteristics were not affected by an extra supply of medium constituents, including ammonia and reducing agents (thiosulfate and cysteine) (data not shown). We routinely used a simple trace element solution based on the medium described by Schönheit et al. (26) . One may note that this trace solution apparently lacks metal ions, such as Zn 2ϩ and Mn 2ϩ , which may serve as cofactors for certain enzymes. To test whether or not the lack of a trace element was the limiting factor, a complex trace element solution containing all biological relevant metals in excess (see Materials and Methods) was added to a linear-phase culture growing on standard medium under high hydrogen gassing conditions (gassing rate, 428 ml min Ϫ1 ; p H2 of 49 kPa at the time of addition). Indeed, the addition resulted in an initial 50% increase in the growth rate within 30 min. Growth, however, did not proceed to the point the hydrogen supply would have become limiting. Rather, cells kept on growing linearly, whereas the hydrogen consumption and methane production rates, as well as the p H2 , were not significantly affected after the addition of the extra trace metals. Also, the growth characteristics of a complex trace elements culture, which had been pregrown on that medium for five transfers, were fully comparable to those of a culture on standard medium operated under the same high hydrogen gassing regimen. The characteristics particularly applied to the OD at the entry of the linear phase, as well as to the H2 , CH4 , and p H2 values during this phase. However, one difference was observed. The specific growth rate during the exponential phase of the complex trace elements culture was 50% higher. These observations indicate that nutrient limitation may limit the maximal growth rate. The limitation, however, does not offer an explanation for linear growth.
Interestingly, the shift could also be induced artificially by adding the uncoupler TCS (Fig. 4) . Immediately after the addition of a small amount of TCS (2.8 nmol mg DW of cells Ϫ1 ) to an exponentially growing culture (OD 600 ϭ 1.0), growth slowed down and the cell density increased linearly rather than exponentially in time (Fig. 4B) . Simultaneously, the addition stimulated methane formation and hydrogen consumption, and, as a result of the latter, the decrease in p H2 to approximately 1 kPa. For a comparison, the data shown in Fig. 2 of a culture operating under the same gassing regimen indicate that, starting from an OD 600 of 1.0 and without TCS, exponential growth could have continued for an additional 3 h. In the particular culture (Fig. 2) , p H2 was maintained at 29 kPa
FIG. 4. Effect of TCS on growth of M. thermautotrophicus.
The organism was cultured in 2.5 liters of mineral medium at a constant gassing rate of 428 ml min Ϫ1 with 80% H 2 -20% CO 2 (vol/vol), and the OD 600 , hydrogen uptake rate ( H2 ), and dissolved hydrogen partial pressure (p H2 ) were monitored. Measurements started (t ϭ 0) 8 h after adjustment of the gassing rate. At the times indicated by the arrows in panel A, 2.8, 11.4, and 120 nmol of TCS per mg DW of cells were added, respectively. In Fig. 4B , the period from 10 to 16 h is shown for better detail, at which TCS (2.8 nmol mg Ϫ1 DW) was added at t ϭ 13.5 h (arrow). The dashed line represents the extrapolation of the trend curve for exponential growth (t ϭ 4 to 13.5 h in panel A).
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on November 19, 2012 by Universiteitsbibliotheek http://aem.asm.org/ during the linear phase. The stimulation of the respiratory (methanogenic) activity is a typical effect of uncouplers (1) . A second pulse with TCS in a higher amount (11.4 nmol mg DW of cells Ϫ1 ) instantaneously provoked a further decline in growth. Again, cells kept on growing linearly, albeit at reduced growth rates. Since hydrogen was completely utilized at this time, methanogenesis was not further stimulated. The addition of excess TCS (120 nmol mg DW of cells Ϫ1 ) completely arrested growth. Methanogenesis and hydrogen utilization were also inhibited, and the progressive decline in hydrogen uptake was accompanied by a concomitant increase in the dissolved hydrogen partial pressure (Fig. 4) . In the experiments, TCS was added as a methanolic solution, but the addition of methanol alone had no effect. These observations indicate that TCS acts both as an uncoupler of the energy metabolism (1) and as an uncoupler of methanogenesis and growth.
Coupling of methanogenesis and growth in continuous cultures of M. thermautotrophicus. To substantiate our findings from fed-batch experiments, we cultured M. thermautotrophicus in a chemostat at controlled dilution rates (D) and at defined dissolved hydrogen partial pressures. It was found that, after the change of the dilution rate and/or 80% H 2 -20% CO 2 gassing rate, the culture always got trapped in one of two types of steady state that could be distinguished on the basis of the steady-state ODs (Table 2 ) and the relationship between q CH4 and the D (Fig. 5) . In fact, the shift to a desired steady state could be experimentally controlled by the appropriate change in dilution and/or gassing rate, which might include a predilution of the culture with fresh medium or by allowing cells density to increase by the intermediary stop of the medium supply.
Nutrient-controlled chemostat cultures. In the first type of culture (Fig. 5A) , the OD 600 values were approximately constant (ϳ2) over the range of dilution rates and the p H2 values tested ( Table 2 ). The ODs, however, became lower at the higher dilution rates, where D approached the washout rate, i.e., the maximal specific growth rate in the particular medium (0.20 to 0.22 h Ϫ1 ). This behavior is well known from classical chemostat culturing, where growth is determined by limitation of a nutrient in the liquid medium. As mentioned above, we routinely used a simple mineral medium, which could be limited in the presence of trace elements, such as Zn and Mn. The application in fed-batch fermentor cultures of a more complex trace element solution, containing all biological relevant metal ions in excess, resulted in an up to 50% increase in the specific growth rate (see above). This suggests that one or more of the extra trace metals now was growth limiting. Consequently, this type of culture is referred to as "nutrient controlled." It should be noted that the steady-state OD 600 values observed (ϳ2) exceeded the ones accompanying the shift from the exponential into the linear phase in the fed-batch experiments (OD 600 ϭ 0.7 to 1.5) (Fig. 1A and 2A and data not shown). This substantiated our conclusion that the shift at the particular points was not due to a nutrient (trace element) limitation.
When the specific rates of methane formation of the "nutrient-controlled" cultures were plotted against D (ϭ) for the four different p H2 values at which growth was monitored, four sets of straight lines were obtained (Fig. 5A) . The data shown in the In the plots, slopes and the intercepts with the q CH4 axis represent the reciprocal of Y CH4 max and the "specific maintenance term" (m), respectively. In fact, two distinct slopes could be observed depending on the p H2 value. Linear regression analysis then yielded Y CH4 max values of 3.1 Ϯ 0.3 and 3.1 Ϯ 0.1 g DW mol of CH 4 Ϫ1 for growth at a p H2 of ca. 1 and 5 kPa, respectively. For growth at a p H2 of 15 and 25 kPa, again, two equal Y CH4 max values were found, 6.9 Ϯ 0.5 g DW mol of CH 4
Ϫ1 . The results are in excellent agreement with our findings from the fed-batch experiments, which suggested that Y CH4 max values of approximately 3 and 7 g DW mol of CH 4
Ϫ1
for the growth of M. thermautotrophicus below and above p H2 values of ϳ12 kPa, respectively. It can also be seen from Fig. 5A that the "specific maintenance term" (m) increased with the hydrogen partial pressure at which growth had occurred. According to growth theory (7, 19, 31 ; see also the supplemental material), the specific growth yield (Y CH4 ), Y CH4 max , , and m interrelate as follows:
Thus, Y CH4 diminishes with increasing m (at a given and Y CH4 max ). Otherwise stated, the specific growth yield decreased with increasing p H2 , as was also concluded from the fed-batch experiments (Table 3) .
Hydrogen-controlled chemostat cultures. In the second type of cultures (Fig. 5B) , steady-state OD 600 values were generally FIG. 5 . Relationship between specific rate of methane formation (q CH4 ) and dilution rate (D) of "nutrient-controlled" (A) and "hydrogen-controlled" (B) chemostat cultures of M. thermautotrophicus. The organism was cultured as specified in Table 2 at the following dissolved hydrogen partial pressures (in kPa): 1 (}), 5 (■), 15 (‚), and 25 (E).
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higher compared to the "nutrient-limited" cultures operating at the corresponding dilution rates and hydrogen partial pressures (Table 2) . At a given p H2 , the OD 600 decreased with increasing dilution rates. If compared for the same dilution rates, the values, however, increased with the H 2 -CO 2 gassing rate. This indicates that growth was now governed by the gas supply. Since CO 2 was also present in excess in the liquid medium as bicarbonate, the determining factor would be the H 2 supply. This type of culture is denoted here as hydrogen controlled. When steady-state q CH4 values were plotted against the corresponding dilution rates, at which ϭ D, a direct proportional relationship between both parameters was observed ( Fig. 5B) as follows:
where Y CH4 should be constant. (Please note that the latter term refers to the specific growth yield rather than to a theoretical maximal growth yield.) A similar direct proportional relationship (equation 4) was found in our fed-batch experiments, notably during the lag and linear growth phases (Fig.  1C, 2C , and 3). Using linear regression analysis of the data presented in Fig. 5B and applying equation 4, an apparent and now p H2 -independent Y CH4 of 1.5 Ϯ 0.1 g DW mol of CH 4 Ϫ1 was calculated.
Interestingly, the culture of M. thermautotrophicus in the chemostat in the presence of the complex trace element mixture consistently resulted in only one type, the hydrogen-controlled type (data not shown). This held for all different dilutions (0.04 to 0.18 h Ϫ1 ) and gassing rates (100 to 400 ml min Ϫ1 ) applied. The q CH4 -versus-D plot was the same as that shown in Fig. 3 , except that the apparent Y CH4 was somewhat higher (1.8 g DW mol of CH 4 Ϫ1 ). The findings support our conclusions that the growth of the cultures shown in Fig. 5A was determined by a limitation of a nutrient(s) in the liquid medium, viz. one or more trace elements, whereas Fig. 5B -type cultures were governed by the supply of the gaseous energy source, hydrogen. It should be noted, however, that, in the latter case, hydrogen was not the growth-limiting factor, except perhaps at low gassing rates (100 to 120 ml) and a concomitant low p H2 of 1 kPa (Table 2) , where 92 to 95% of the hydrogen was consumed. At the higher gassing rates and p H2 values, H 2 was only partly utilized. Rather, it seemed that hydrogen controlled the particular mode of growth represented as the linear phase in the fed-batch system.
DISCUSSION
M. thermautotrophicus cultured in a fed-batch fermentor under different gassing regimens (gassing rates, gassing to culture volume ratios, mixing intensities) with 80% H 2 and 20% CO 2 displays a highly dynamic and complex growth behavior. However, it appeared that the organism always grew in a distinct order comprising the consecutive lag, exponential, and linear growth phases, which schematically can be represented by q CH4 versus phase diagrams (Fig. 1C, 2C, and 3) . In the chemostat, changes in hydrogen-gassing resulted in the establishment of one of two types of steady states. The central question in our study was how the supply of the energy source, hydrogen, determined the coupling between methanogenesis and growth. The effects were at least threefold. The hydrogen concentration affected (i) the specific (Y CH4 ) and theoretical (Y CH4 max ) maximal growth yields, (ii) the phenomenon of linear growth, and (iii) the so-called specific maintenance (m).
Specific growth yields increased when dissolved hydrogen partial pressures decreased. In the fed-batch system this was most apparent during the linear phase, when Y CH4 and p H2 became constant (Table 3) . The continuous culture experiments shown in Fig. 5A fully supported this conclusion. Thus, methane formation and growth become more tightly coupled under conditions of reduced hydrogen availability. This finding is in agreement with observations by others (7, 8, 14, 17, 18, 27, 33) , although the hydrogen concentrations had not been explicitly measured by those authors. A novel analytical approach applied to fed-batch growth suggested that Y CH4 max can take two distinct values, approximately 3 and 7 g mol Ϫ1 of methane, respectively. Indeed, quite similar values of 3.1 Ϯ 0.3 and 6.9 Ϯ 0.5 g mol of methane Ϫ1 were obtained by using the established continuous culture technique. The lower Y CH4 max applied when growth took place under conditions of low hydrogen. One may note that an Y CH4 max of 3.0 to 3.5 g DW mol of methane Ϫ1 has been documented before for M. thermautotrophicus and other methanogens, notably during growth under H 2 -limited conditions (Table 1 ). In the fed-batch system, M. thermautotrophicus displayed specific growth yields at low hydrogen partial pressures (1 kPa) that were close to the theoretical maximum ( Table 1 ), indicating that growth and methanogenesis became fully coupled. A Y CH4 max of ϳ7 g DW mol Ϫ1 of methane, which was adopted when growth proceeded at p H2 Ͼ 12 kPa, has as yet not been reported for M. thermautotrophicus. Importantly, the existence of the two distinct, hydrogen-dependent Y CH4 max values is predicted from a theoretical analysis of the process of methanogenesis presented in in the supplemental material (2) . The analysis suggests Y CH4 max values of 3.1 to 3.7 and 6.1 to 7.4 g DW mol of methane Ϫ1 for growth below and above p H2 ϳ 12 kPa, respectively. The theoretical values favorably agree with the experimental values found here and by other authors. The change in Y CH4 max appears to be related to a change in proton-translocation stoichiometries associated with the H 2 -dependent reduction of the heterodisulfide of coenzyme M and coenzyme B (CoM-S-S-CoB), which takes place at a p H2 of around 12 kPa (4; see also the supplemental material).
In the fed-batch system, growth proceeded after the exponential phase in a linear way for prolonged periods of time and p H2 and as the hydrogen consumption and methane formation rates became fixed, depending on the hydrogen supplied (Table 3). As pointed out previously, linear growth could be the result of the limitation of a nutrient(s) in the standard medium used. However, growth experiments with media containing all biological relevant trace elements in excess seem to rule out this possibility. Quite remarkably, a shift toward linear growth was always also preceded by discrete decreases of the specific methane-forming activity at the end of the exponential phase in cultures supplemented with the complete trace set of elements (Table 1 (14) demonstrated that mrt and hmd were expressed during exponential growth, whereas mcr and mdh transcripts were observed when the growth rate declined and the rate of methanogenesis became constant, which is typical for linear growth. It remains to be verified, however, if the differential expression of the above and other methane genes (13, 15, 16, 18, 20, 34 ) is connected to hydrogen deprivation, as has often been assumed, or to the shift in growth phases. Unfortunately, hydrogen partial pressures were not measured in the expression studies. The culturing of M. thermautotrophicus in the chemostat resulted in two types of steady states that could be classified according to the steady-state optical densities (Table 2 ) and the q CH4 -diagrams (Fig. 5) . In fact, different research groups have studied the growth behavior of hydrogenotrophic methanogens using the chemostat technique and assuming methanogenesis and growth to be described by Pirt-like relations (equations 2 and 3). The results were, however, often not very clear and, on a number of occasions, contradictory. At least part of the confusion can be understood from the present findings.
Continuous culture experiments performed with Methanocaldoccus jannaschii at varied hydrogen gassing rates demonstrated that the relations between q CH4 and were most properly described by the Herbert-Pirt equation (equation 2), yielding an Y CH4 max of 3.6 to 3.7 g DW mol of CH 4 Ϫ1 (33). The simple linear relation did not hold for other studies done with M. thermautotrophicus and other methanogens (7, 8, 17) . Inspection of the complex graphs presented by different authors shows them to actually consist of mixed curves, partly agreeing with the Pirt equations (equations 2 and 3). In other segments, specific growth yields had become constant, i.e., independent of specific growth rates, in agreement with equation 4. The data by von Stockar and coworkers (12, 24) , who cultured M. thermautotrophicus (strain Hveragerdi) in the chemostat under H 2 -and iron-limited conditions, are particularly interesting. A reevaluation of the graphs for iron and hydrogen limitation (12) reveals that the data can be most properly fitted by a simple Herbert-Pirt relationship (equation 2), such as in our "nutrient-controlled" cultures (Fig. 5A) . From this, an Y CH4 max of 3.1 g DW mol of CH 4 Ϫ1 can be derived, which exactly equals our value at a low p H2 . Moreover, the non-ironlimited culturing of the organism at defined hydrogen partial pressures resulted in the direct proportional and p H2 -independent relationship between q CH4 and , which is also seen in our , which, again, fully agrees with the value obtained here. Moreover, Liu et al. (12) concluded that the "specific maintenance" (m) would only be very small. However, as pointed out in the supplemental material (1), the slope of the q CH4 versus the plot (cf. equation 4) represents the reciprocal of a nowconstant specific growth yield (Y CH4 ) rather than of Y CH4 max , whereas no conclusion can be drawn with respect to the size of m. The finding that cells grown in the chemostat under hydrogen-controlled (the present study) or under non-iron-limited conditions (12, 24) adopt a constant, apparently p H2 -independent Y CH4 needs further explanation.
According to the Pirt and Herbert-Pirt equations 2 and 3, methanogens couple the processes of methanogenesis and growth at variable hydrogen concentrations by adjusting Y CH4 max and the maintenance coefficient (m). Y CH4 max changes are discrete (see above). In order to establish the continuous changes in the relationships between specific growth rates, specific methane-forming activities, and specific growth yields that occur notably during fed-batch culturing (Fig. 1 to 3) , m should be subjected to continuous changes as well, although in a nondiscrete fashion, thus permitting the elastic coupling between methane and biomass formation. In addition, maintenance coefficients had to be high at high hydrogen concentrations, resulting in a large degree of uncoupling of methanogenesis and growth. How cells control the "maintenance" changes is unclear. Unfortunately, the mechanistic meaning of the maintenance coefficient concept is not very clear either, being often simply defined as "any diversion of energy from growth to non-growth reactions" (22) . A theoretical analysis of the process of methane formation suggests that the governing factor in "maintenance" is likely to be proton leakage or proton slippage (see the supplemental material [2) . The effect of the uncoupler TCS on the growth behavior (Fig. 4) supports this view. Furthermore, TCS seemed to induce the immediate shift from exponential to linear growth, indicating that the shift might be triggered by changes in the chemiosmotic status (internal pH, proton motive force) of the cells.
In conclusion, H 2 and CO 2 utilizing methanogens, such as M. thermautotrophicus, have to couple the process between methane formation and growth under highly variable concentrations of the energy source, hydrogen. Adaptation is associated with a change in Y CH4 max , which apparently is related to the change in the proton translocation stoichiometry of the H 2 -dependent reduction of CoM-S-S-CoB (4), giving rise to two theoretically predicted and experimentally verified Y CH4 max values of approximately 3 and 7 g DW mol of CH 4 Ϫ1 for growth under low (p H2 Ͻ 12 kPa)-and high-hydrogen conditions, respectively. Furthermore, adaptation encompasses the adjustment of the "specific maintenance" requirements or, more likely, the degree of proton leakage and proton slippage processes. At low p H2 , "specific maintenance" diminishes and specific growth yields (Y CH4 ) approach Y CH4 max , indicating that growth and methanogenesis become fully coupled. In a fed-batch system, where dissolved hydrogen partial pressures change together with the changing uptake rates by growing biomass, M. thermautotrophicus displays a complex, yet defined growth behavior, comprising the consecutive lag, exponential, and linear growth phases, each of which is characterized by the ways specific growth rates, specific growth yields, and specific rates of methanogenesis are interrelated.
